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Abstract

Conventional molecular methods, such as nested polymerase chain reaction (PCR), are
very sensitive for detection of malaria parasites, but require advanced laboratory equipment
and trained personnel. Real-time loop-mediated isothermal amplification (RealAmp), a loop-
mediated isothermal amplification-based molecular tool (LAMP), facilitates rapid target
amplification at a single temperature setting, reducing the need for sophisticated equipment.
We evaluated the performance of a field-adapted RealAmp assay for malaria diagnosis in
Cruzeiro do Sul, Acre State, Brazil, a remote area in Brazil with limited laboratory capabili-
ties. We enrolled 1,000 patients with fever (axillary temperature > 37.5 C) or history of fever
in last 24 h presenting for malaria diagnosis from February through June 2015. DNA was
extracted from dried blood spots using a boil and spin method (heat treatment) at the sample
processing site, and also using commercial kits at a Brazilian national reference laboratory.
RealAmp was performed for Plasmodium genus, P. falciparum, and P. vivax identification.
In addition, Giemsa-stained blood smears were prepared and examined by two independent
well-trained study microscopists. A combination of Real-time PCR and nested PCR was
used as reference test. The sensitivity and specificity of RealAmp in the field site laboratory
were 94.1% (95% confidence interval [Cl]: 90.1-96.8) and 83.9% (95% CI: 81.1-86.4),
respectively. The sensitivity and specificity of local microscopy were 87.7% (95% Cl: 82.6—
91.7) and 98.9% (95% CIl: 97.8-99.4), respectively, while study microscopy showed sensi-
tivity of 96.4% (95% CI: 93.0-98.4) and specificity of 98.2% (95% CI: 97.0—99.0). None of
the three tests detected 20 P. falciparum and P. vivax mixed infections identified by the ref-
erence test. Our findings highlight that it is possible to implement simple molecular tests in
facilities with limited resources such as Cruzeiro do Sul in Brazil. RealAmp sensitivity was
similar to that of microscopy performed by skilled professionals; both RealAmp and study
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microscopy performed poorly in detection of mixed infection. Attempts to develop and evalu-
ate simpler molecular tools should continue, especially for the detection of malaria infection
in remote areas.

Introduction

In general, molecular methods are more sensitive than microscopy and rapid diagnostic tests
(RDTs) to detect malaria infection, particularly in cases of low-density parasitemia, which are
known to be capable of continuing malaria transmission, and mixed infections [1,2]. However,
conventional molecular methods, such as polymerase chain reaction (PCR) and real-time
PCR, can be challenging to implement. They demand high investments in laboratory equip-
ment and trained personnel, restricting their use to reference laboratories [3-5].

The need for simpler molecular-based methods for use in settings that have limited labora-
tory infrastrucure and lack highly skilled technicians and sophisticated equipment led to the
development of the loop-mediated isothermal amplification (LAMP) method [6]. Different
platforms of the LAMP assay for malaria parasite detection have since been developed and
evaluated [7-10]. One of these is the RealAmp assay that combines the LAMP technique with
real-time detection of fluorescence as a read out [7]. RealAmp allows the detection of the
genus Plasmodium, and P. vivax and P. falciparum species. It presents a great potential to
extend the use of molecular methods even to remote health posts with limited laboratory infra-
strucure. However, to date, there are few studies evaluating RealAmp under these settings
using clinical samples [11]. Here, we evaluated the sensitivity and specificity of RealAmp when
performed in a remote malaria-endemic area of the Brazilian Amazon with limited laboratory
infrastrucure by personnel without previous training in molecular techniques.

Material and methods
Collection site

Sample collection took place at a malaria diagnostic post in Cruzeiro do Sul, Acre state, Brazil.
In Brazil, malaria diagnostic posts provide free malaria diagnosis and treatment. We chose the
diagnostic post located in the emergency department of the Regional Hospital of Jurud. This
diagnostic post, which is open 24 hours a day/7 days a week, serves approximately 62 patients
per day and has the highest volume of patients in the city. We included patients >7 years old
(excluding pregnant women) with documented fever (axillary temperature >37.5° C) or his-
tory of fever in the previous 24 hours. Patients under 7 years of age were excluded because they
were accompanied by those who were not able to sign the permission from guardians instru-
ment and appeared to have nutritional and growth deficits. After written informed consent
was provided for patients 18 years old, or permission from guardians and patient assent from
those <18 years old, we collected demographic and clinical information using standard forms
and collected blood samples to be tested for malaria.

Sample size

We had resources to enroll a total of 1,000 patients as part of this evaluation. Considering a his-
torical trend of 6% and 20% of tested patients in Acre state to be positive for P. falciparum and
P. vivax, respectively, [12] this sample size would be able to detect a change in sensitivities of at
least 14% and 10% from baseline sensitivities of 85% and 90%, respectively, for P. falciparum.
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Similarly, for the expected 20% incidence of P. vivax, we would be able to detect a change in
sensitivities of at least 8%, 7%, and 4% from baseline sensitivities of 85%, 90%, and 95%,
respectively. All these analyses have at least 80% power and an alpha error <0.05. Power analy-
sis calculations for sensitivity were done considering one-sided tests and used NCSS 11 soft-
ware (NCSS LLC, Kaysville, USA).

Sample preparation

We collected blood samples at the same time patients were having their blood collected by the
diagnostic post staff. Blood was collected by intravenous puncture since it was required for the
different purposes of the study. The blood was used to prepare two sets of thick and thin blood
smears and two filter paper cards with four blood spots each (Whatman® FTA Elute Cards)
in the form of four blood spots. Microscopy was performed at the diagnostic post according to
usual procedures (“local microscopy”); these results were recorded by study staff.

Study microscopy

Slides for a confirmatory Giemsa-stained thick and thin blood smears were prepared in accor-
dance with recommendations from the Brazilian Ministry of Health [13]. The thin smear was
used to confirm species identification and the thick smear was used to estimate parasite den-
sity. To ensure the quality of staining, all stock solutions and reagents were prepared and dis-
tributed by Instituto Evandro Chagas prior to initiating the evaluation. In addition, training
on preparation and staining of slides was conducted by Evandro Chagas laboratory staff dur-
ing evaluation implementation as well as during bimonthly supervision visits.

As per routine procedure, parasite density was estimated by counting the number of asexual
parasites per 200 white blood cells (WBCs) in the thick smear and assuming a WBC count of
6,000 WBC/uL. If the parasite count was < 100 parasites at the 200 WBC mark, counting was
continued until 500 WBCs had been counted. If no asexual forms had been found when WBC
count had reached 500, the count was continued until 1,000 WBCs had been counted to con-
firm a negative result. Gametocytes were also counted and the number of gametocytes/ L was
estimated in the same manner.

Study blood smears were examined independently and in a blinded fashion by two microsco-
pists in Cruzeiro do Sul. When the two readings differed in species diagnosis or by more than
50% in asexual parasite density, smears were re-examined by a third, independent, microscopist
at Instituto Evandro Chagas. Asexual parasite density was calculated by averaging the counts of
the two concordant microscopists using geometric mean, while gametocytemia density was calcu-
lated by the arithmetic means of the two concordant readings. The use of geometric and arithme-
tic means was based on the expected distribution of these values in previous evaluations.

Molecular laboratory conditions

All molecular procedures were carried out in a small laboratory in Cruzeiro do Sul, Acre state,
Brazil, approximately 3 miles from the sample collection site. This was an improvised building
with limited laboratory infrastructure, herein referred to as the field site. The study staff lacked
previous experience in molecular techniques and received training for two weeks on performing
the Real Amp assay and on the heat-treatment DNA extraction method before the study started.

Heat-treatment DNA extraction from FTA-cards

In the field site, one single circle of the filter paper was cut into small pieces and placed into a
1.5mL tube, and 500uL of sterile double-distilled water was added. The mix was vortexed three
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times for 15 seconds each. The supernatant was aspirated and discarded. Forty pL of double
distilled water was added and the contents were heated at 95°C for 30 minutes using a heating
block. The tube was then spun at 3,200 rpm for 5 minutes and 2 pL of the supernatant was
used for RealAmp method in the field site (Cruzeiro do Sul, Acre) on the same day of the heat-
ing procedure.

Conventional DNA extraction

At Instituto Evandro Chagas in Para State, DNA was extracted from the filter paper using a
QIAmp DNA Mini Kit following manufacturer’s instructions (Qiagen, Valencia, CA-Qiagen
method). The extracted DNA was aliquoted and stored at -20° C until further use in real time
PCR and nested PCR.

Real Amp method

To simplify the RealAmp procedures, a two-component ready-to-use in-house reaction buffer
was used for each primer set. Component A contained all the necessary reaction components
(buffer, the fluorescent dye SYTO-9, and the primers) except the Bst polymerase; Component
B contained the Bst polymerase. Three different RealAmp assays were performed: Plasmodium
genus, P. falciparum and P. vivax assays. To perform the RealAmp assay, 10 pL of Component
A was mixed with 0.5 uL of Component B, this was mixed carefully and 2 uL of DNA sample
was added. DNA amplification was carried out using the commercial ESE-Quant Tube Scan-
ner (ESE Gmbh, Stockach, Germany) set to collect fluorescence signals at 1-minute intervals
for 90 minutes. Each reaction run included positive controls (for Plasmodium genus, P. falcipa-
rum, or P. vivax assays) and a no-template negative control (distilled water). A RealAmp result
was considered positive if an increase above the background noise in fluorescence was detected
(amplification plot) and negative if there was no fluorescence (flat line). Twenty percent of the
samples were randomly selected and retested at CDC Malaria laboratory to evaluate concor-
dance between the laboratories.

Real-time PCR method

Real-time PCR was conducted using previously described methodology [4] at Instituto Evan-
dro Chagas. Commercially available TagMan Universal master mix (Applied Biosystems)
using primers Plasmo Forward and Plasmo Reverse, and four TagMan probes corresponding
to P. falciparum, P. vivax, P. malariae, and P. ovale were added to the Master Mix. Amplifica-
tion and detection of the amplified product were performed on a StepOne Plus Real Time
(Applied Biosystems). The following cycling conditions were used for the PCR: an initial step
at 50° C for 2 min, 95° C for 10 min, and 45 cycles of 95° C for 15 s and 60° C for 1 min. Posi-
tive (known P. falciparum, P. vivax, P. malariae, and P. ovale positive samples) and negative
(no template/DNA) control samples were included with each run.

Each reaction of the Real-time PCR was performed in duplicate; a cut-off Ct value of 40 was
used to determine a whether samples were positive (Ct<40) or negative (Ct >40.5). In case of
disagreement between duplicates, a third reaction was carried out which was used as a tie-
breaker. Twenty percent of all runs were repeated at CDC to check for concordance between
the laboratories.

Nested PCR

Nested PCR was conducted in cases of disagreement between study microscopy and the real-
time PCR results. Nested PCR was performed with primers and cycling conditions as previous
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described [14]. Reactions were performed in 20 pL total volume containing 1X buffer, 2.5 mM
MgCl,, 200 mM dNTPs, 200 nM primers, and 1.25 units of Taq Polymerase (New England
Biolabs, Ipswich, MA). The PCR amplification product was analyzed using gel electrophoresis
(2% gel). Reference test was either real-time PCR or nested PCR, when the latter was
performed.

Data analysis

Sensitivity and specificity, with 95% confidence intervals (95% CI), of RealAmp and study
microscopy results were calculated based on comparison to the reference test results. Sensitiv-
ity and specificity of the microscopic diagnosis at malaria diagnostic posts (local microscopy)
were also calculated.

Ethics statement

Samples used in this study were obtained as part of an evaluation in Cruzeiro do Sul, Acre,
Brazil. This study was approved by both Instituto Evandro Chagas (CEP/IEC/SVS/MS #04/
2015) and the CDC Institutional Review Board (protocol #6619). Informed written consent
was obtained from each participant >18 years old; permission from caregivers was obtained
for participants <18 years old.

Results

Study staff training on the Real Amp assay in the field site was completed within two weeks.
Training was focused on how to process the DNA extraction by heat treatment method, to pre-
pare the RealAmp reaction, and finally to use the tube scanner machine. The RealAmp compo-
nents kits format adopted in this evaluation reduced preparation time for the assay, and was
demonstrated to be stable throughout the study period with no drop-off in DNA amplification
efficiency.

A total of 1,000 samples were collected from patients in Cruzeiro do Sul, Acre State from
January through June 2015.The median age of participants was 29.5 years (range: 7-88).
Among participants for whom information on sex was available, the majority was male (551
patients, 55%). Two hundred and fifty-two (25.0%) had fever documented at enrolment. Study
microscopy yielded 226 positive results, seven with parasite density <50, 20 between 50 and
200 parasites/ul, 28 between 200 and 500 parasites/uL, and finally 171 with parasite density
>500 parasites/{LL among microscopy positive samples. The geometric mean density asexual
parasitemia by study microscopy among the patients included in our study was 1,735 para-
sites/ul (range: 21-19,857 parasites/uL), while the arithmetic mean gametocytemia was 45.9
parasites/uL (range: 0-1,092 parasites/uL).

As summarized in Table 1, the reference test found 48 samples positive for P. falciparum,
152 positive for P. vivax, 20 mixed infection (P. falciparum and P. vivax), and 780 negative.
Real Amp performed in the field site identified 55 samples as P. falciparum positive, 181 P.
vivax, and 761 negative. Three samples were found to be genus positive but both P. falciparum
and P. vivax negative by the RealAmp method.

Mixed infections were not detected by RealAmp, or by microscopy either locally or by our
study team. Of the 20 mixed infections detected by the reference test, RealAmp detected seven
as P. vivax, nine as P. falciparum, one as negative; three samples were genus positive but with
species unidentified. Local microscopy detected nine as P. vivax, nine as P. falciparum, one as
negative, and one as positive for malaria but with species unidentified. Finally, study micros-
copy identified nine as P. vivax and eleven as P. falciparum (Table 2).
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Table 1. Results of tests for malaria among samples collected in Cruzeiro do Sul, Acre state (n = 1,000).

P. falciparum
P. vivax
Mixed infection

Species unidentified

Species identified Local microscopy (n) Study microscopy (n) RealAmp field (n) Reference test
(n)
42 56 55 48
153 169 181 152
0 1 0 20
1 0 3 0
804 774 761 780

Negative
https://doi.org/10.1371/journal.pone.0200492.t001

Study microscopy showed 96.4% (95% CI: 93.0-98.4) sensitivity and 98.2% (95% CI: 97.0-
99.0) specificity in comparison with the reference test. The performance of RealAmp in field
showed 94.1% (95% CI: 90.1-96.8) sensitivity and 83.9% (95% CI: 81.1-86.4) specificity when
compared to the reference test (Table 3). The sensitivity of RealAmp varied from 94.4 to 94.7%
for parasite densities of >50, >200, and >500 parasites/uL. The sensitivity was 89.5% (95% CI:
78.5-96.0) when analysis was restricted to those with parasite density <500 parasites/uL. The
sensitivity and specificity of local microscopy were 87.7% (95% CI: 82.6-91.7) and 98.9% (95%
CI: 97.8-99.4), respectively.

Discussion

Simpler molecular methods for use under field conditions began to be developed in the last
decade [6,7,10,15-17], awakening to the possibility of using molecular methods even in facili-
ties with limited laboratory infrastructure. Isothermal amplification assays such as LAMP are
well suited for this use, as they do not need thermalcyclers to amplify the DNA and simpler
DNA extraction methods can be used. Our evaluation showed the feasibility of deploying the
Real Amp method in a field setting using heat-treatment DNA extraction and a two-compo-
nent ready-to-use reaction kit. We observed a sensitivity of 94.1%, and a specificity of 83.9%
using the Real Amp compared to 96.4% and 98.2% for the study microscopy. A previous study
comparing RealAmp with PCR in field settings in India and Thailand showed similar sensitivi-
ties, but had a much smaller sample size [11]. Our study is the first one to use a large sample
size (1,000 samples) to evaluate the performance of RealAmp in a malaria endemic region
where both P. falciparum and P. vivax are endemic.

We also showed that RealAmp can be utilized by non-expert staff. Although training was
required before this evaluation could be implemented, the assay can be performed by malaria
diagnostic technicians even in remote settings with limited laboratory infrastructure. In addi-
tion, the Real Amp components kits format adopted in this evaluation reduced preparation
time for the assay, without negative consequences for assay performance, in accordance to
what was also observed by other authors [11].

Some limitations of the RealAmp platform used in this study include the fact that only six
samples can be evaluated per run, limiting its utility for large scale studies. However, it is possi-
ble to design other prototypes of the tube scanner that support testing greater number of sam-
ples [11]. In addition, RealAmp does not allow the quantification of parasite density. This is a

Table 2. Results of different tests for malaria in samples confirmed to have mixed infections in Cruzeiro do Sul, Acre state (n = 20).

Method P. falciparum (n) P. vivax (n) Negative (n) Mixed (n) Species unidentified (n)
Local microscopy 9 9 1 - 1
Study microscopy 9 10 - 1 -
Real Amp field 9 7 1 - 3

https://doi.org/10.1371/journal.pone.0200492.t002
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Table 3. Sensitivity and specificity of the laboratory assays among samples collected in Cruzeiro do Sul, Acre state
(n = 1,000).

Method Sensitivity %(95% CI%) Specificity %(95% CI)
Local microscopy 87.7 (82.6-91.7) 98.9 (97.8-99.4)
Study microscopy 96.4(93.0-98.4) 98.2 (97.0-99.0)
Real Amp field 94.1(90.1-96.8) 83.9 (81.1-86.4)

https://doi.org/10.1371/journal.pone.0200492.t003

limitation of the LAMP assays in general, as currently there is no quantitative LAMP assay
available. Finally, because our study was conducted only in a unique municipality, Cruzeiro do
Sul (Acre), and the collection of the isolates was non-random, this study may not be
generalizable.

The identification of mixed infections is critical for case management and in epidemiologi-
cal studies of malaria. Mixed infections were not detected by either the RealAmp or the local
and study microscopy in our study, excepted for a unique case detected by study microscopy.
This was unexpected for the Real Amp assay given that it is a molecular assay; the primers uti-
lized in our Real Amp assay may require further improvements to enable the detection of
mixed infections when present. Previous results demonstrated that the genus-specific Rea-
lAmp primers had lower limits of detection than the species-specific primers [7]. This could
explain the three genus positive samples in which we could not determine the species. Efforts
should be made to review and improve protocols for the detection of mixed malaria infections.
However, identification of mixed infections is a great challenge even for expert microscopists
since the differentiation of the young forms of trophozoites among the Plasmodium species is
difficult [18].

Although the current recommendations are to use microscopy or RDTs for detection of
malaria parasites before treatment in clinical management, a molecular assay such as RealAmp
can be useful in urban centers to increase the diagnostic capacity, besides the offer of micros-
copy and RDTs. Beyond the risk of decreased sensitivity using microscopy, which has a limit
of 50 parasites/uL, some HRP2-based RDTs are failing due to the deletion of the hrp2 and/or
hrp3 genes in some P. falciparum isolates [19,20]. Molecular methods have the potential to
detect low parasite densities and the development of such methods that can be used as part of
routine care is much desired. While conventional PCR-based methods appear to be the most
sensitive assays currently available, the requirement for DNA extraction, sophisticated equip-
ment for amplification, and result interpretation and analysis limit their use to reference
laboratories.

In our study, local microscopy obtained a sensitivity of 87.7% and specificity of 98.9%,
while study microscopy obtained a sensitivity value of 96.4% and specificity of 98.2% when
compared with the reference test. Possible explanations for these differences are better quality
staining materials and protocols and also better compliance by the study microscopists to the
malaria microscopy protocols recommended by the Brazilian Ministry of Health [13,21,22].
The sensitivity of thick smears depends on the experience of the microscopist and, even when
evaluated at qualified centers or reference laboratory, thick smears cannot always precisely dif-
ferentiate among Plasmodium species with similar morphology, which is the case for P. vivax
and P. ovale [23]. Moreover, P. knowlesi infections can be misdiagnosed by microscopy as P.
malariae due to their morphological similarities [24].

Although the specificity of study microscopy was higher than that of Real Amp, our evalua-
tion demonstrates that RealAmp using simple sample preparation, heat-treatment, has sensi-
tivity similar to that of good quality microscopy. Novel formats of the tube scanner that can
support testing of a greater number of samples will offer a screening tool for surveillance
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studies required for malaria control and elimination. However, further improvements will be
required to make the RealAmp assay an alternative point-of-care diagnostic and an alternative
molecular assay in resource-limited settings. These include the use of lyophilized reagents for-
mat that would remove the need for a cold chain and minimize the preparation time for the
reaction components, and improving the assays to enable the detection of mixed infections.
Indeed, such improvements have been made in the much newer malaria LAMP platforms
such as the FIND/Eiken high-throughput LAMP platform [25] or the Illunigene Malaria
LAMP assay [26].

In parallel to the LAMP platforms, another molecular techniques are being currently devel-
oped, as nucleic acid lateral flow immunoassay (NALFIA) and PCR Nucleic Acid Lateral Flow
Immunoassay (db-PCR-NALFIA), that has the advantage of avoiding DNA extraction which
is of great interest for techniques intended to be used in the field setting [27,28]. Although in
the laboratory validation, the sensitivity and specificity of the db-PCR-NALFIA to pan/P. fal-
ciparum assay were 100% for both parameters, and 100% and 97.5% to pan/P. vivax assay,
respectively, this scenario is not the same in clinical samples. Since in the prospective field eval-
uation of the pan/P. falciparum assay performed in Kenya, the sensitivity decreased to 84.5%
and specificity to 85.4%, respectively, when compared with real-time quantitative PCR as a ref-
erence standard [28]. Therefore, while our findings and other investigations highlights to the
possibility of implementing simple, sensitive and specific molecular methods to remote areas,
improvements are still required to make these tools technically and operationally viable to the
point-of-care diagnosis. Thus, studies for the development and evaluation of simple, ultra-sen-
sitive and specific molecular assays for precise malaria detection should continue, especially
for use of these tools in remote areas [25-28].

Conclusions

Our study demonstrates that it is possible to implement simpler molecular tests at point-of-
care centers with limited laboratory infrastructure such as Cruzeiro do Sul and, with further
improvements to the available malaria LAMP assays and this technology can become an alter-
native to PCR-based molecular tests where these more sensitive assays are required.

Product disclaimer

Use of trade names and commercial sources is for identification only and does not imply
endorsement by the U.S. Department of Health and Human Services.
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